ABSTRACT. Microtubules are major cytoskeletal components of the mitotic spindles in echinoderm eggs. Well preserved isolated spindles from the first cleavage of sea urchin eggs reveal that 3,000 to 5,000 orderly arranged microtubules are present. Considering the sensitive nature of spindle birefringence, it is highly probable that the spindle assembly is regulated by the labile association of tubulin molecules and the involvement of kinetic centers such as the kinetochores and MTOCs in the centrosome region.
INTRODUCTION
The mitotic spindle (Fig. 1C) is a cellular organelle newly assembled in a eukaryote at mitosis and disassembled after the completion of cell division. The major function is to orient and align replicated chromosomes, then to transport chromosomes into two daughter cells. The inner structure of the living mitotic spindle is difficult to visualize with phase-contrast or differential interference microscopy due to the minute difference in the refractive indices encountered (Fig.  1A) . However, owing to the optical anisotropy of the spindle fine structure, we can visualize the fibrous components of the spindle under a sensitive polarizing microscope (Fig. 1B ). This optical anisotropy or the birefringence could reflect the amount of orderly aligned fibrous structure within the spindle (13, 49) . Various conditions and agents have been tested that systematically and reversibly alter spindle morphology and birefringence. From a series of observations and experiments (1, 13, 14, 48, 57) , we postulated that spindle fibers are composed mainly of parallel arrays of microtubules formed by a reversible association of tubulin molecules, and there exists a dynamic equilibrium between the labile spindle fibers and a pool of unassociated tubulin (13) . The assembly of microtubules is more than likely controlled by kinetic centers such as centrosomes, MTOCs and kinetochores, and the available concentration of polymerizable tubulin dimers. Hill and Chen (1984) suggested the possible phase changes at the end of microtubule with GTP cap in vitro system, and Farrel et al. (1987) described the phase dynamics at microtubule ends, and postulated that microtubules in cell may have an inherent tendency to remain in the polymerized state, and the microtubule disassembly must be induced actively.
At present, we have many standing hypotheses to interprete the spindle assembly A. The mitosis observed in the dividing endosperm of Haemanthus katherinae. A phase contrast microscopy shows no detectable spindle structure except clearly contrasted chromosomes. B. Mitosis in the dividing endosperm of Haemanthus albiflos. Chromosomal spindle fibers can clearly be observed under the sensitive polarizing microscope owing to their birefringent nature. C. Mitosis in a dividing white fish blastomere that has been fixed, sectioned and stained with Haematoxylin and Eosin. D. Mitotic apparatus isolated from the mature oocyte of star fish, Pisaster ochraceus. Polarizing microscope revealed the birefringent spindle structure (50) . and the anaphase chromosome movement. End to end growth of microtubules, consistent microtubule association with the treadmilling were attractive but hardly applicable to interprete the mitosis in vivo. Dynamic instability proposed by Mitchison and Kirschner (1984) and Kirschner and Mitchison (1986) , and breathing and annealing hypothesis proposed by Salmon et al. (1984) could be more realistic but some reservations still remain. We feel we need more elaborated data to explain the mechanism of mitosis. So far, we know that chromosomal movement during mitosis is primarily regulated by the labile association of spindle microtubules and that cytokinesis is primarily controlled by polymerized actin.
Antimitotic poisons such as Colchicine or Vinca alkaloids, are useful drugs to study the microtubule association but are not described in this paper (Please see the detailed description on this subject published by Dustin, 1984) .
In this article, we shall concentrate on discussing the isotope effect of D2O on tubulin polymerization both in vivo and in vitro and attempts to thermodynamically analyze the tubulin polymerization-depolymerization. We also report details of the chemical efficacies and the relationship with their chemical structures of the mitotic arresters, a new family of drugs such as T-1 and its derivatives and analogues, and their biological effects. We found them through our intense and systematic survey for microtubule assembly in the spindles of dividing sea urchin eggs, and we believe them to be powerful molecular probes in deciphering the problems of tubulin polymerization both in vivo and in vitro. Further investigations are in progress in our laboratories on the molecular effects of these drugs on chromosome arrangement in metaphase, alteration of spindle poles and the initiation of anaphase chromosome movement.
I. Birefringence of the mitotic spindle
The birefringence (BR) of the mitotic spindle can be yielded by a system of highly oriented molecules, fine structures such as microtubules and microfilaments, or secondary molecules trapped in between fine structures. When a preliminary calculation for the form birefringence using Wiener's equation (66) was attempted based on the number and the volume of fractions containing spindle microtubules, it did not agree with what we measured. This discrepancy was thought to be due to the difficulties in preserving labile microtubules in the spindle.
To overcome these difficulties, several technical modifications were made. Isolated meiotic spindles from mature oocytes of the star fish, Pisaster ochraceus, were used for experimentation (3) . The choice of isolated spindles rather than intact spindles was predicted as follows. a) The thorough imbibition of the intratubular space with a defined refractive index was essential for exact analysis of from BR. b) The dimension of the specimen must be readily measureable. c) Light scattering and BR from extraneous sources must be held to a minimum. d) Isolated spindles must be clean and not affected by the optical or chemical influences of surrounding cytoplasm.
The metaphase-arrested meiosis I spindle can be isolated in quantity from the star fish, P. ochraceus (Fig. 1D ). These isolates are relatively clean and, in the regions between the chromosomes and the poles, show little else other than microtubules (Fig. 2) . The BR and dimensions are uniform in these isolates. Moreover, the BR of isolates, which remained close to the value in live spindles, was unchanged upon fixation. The isolates could be immersed in a way by which the same BR returned when the refractive index of the imbibing medium was brought back to the original value. Fig. 2 . Cross section of an isolated metaphase spindle of Pisaster ochraceus is mainly occupied by microtubules and little else. These microtubules in the mid-spindle region are mostly aligned parallel to the spindle axis. Some of the vesicles appeared in the photograph are degenerated mitochondria resulting from the isolation and fixation procedure (47, 50) . The BR of mixed bodies composed of oriented rodlets or platelets whose thickness is well below the wave length of light is believed to arise from two sources. a) An intrinsic BR due to the intramolecular anisotropy of the rodlets or platelets, and b) a form BR due to the anisotropic arrangement of the fine structure. Wiener (1912) , and Bragg and Pippard (1953) have derived equations which relate the form BR in terms of dielectric anisotropy to the volume fraction occupied by the rodlets or platelets, their refractive index or dielectric constant, and the refractive index of the second phase in which the rodlets or platelets are immersed.
Isolated spindles in 12% hexylene glycol, pH 6.3 were mounted between gelatin pericles in the Rose chamber, fixed with 3% glutaraldehyde, and then perfused with solutions with various refractive indices. Spindle retardations (BR) were measured with a Brace-KOhler compensator using mercury green light as the illuminating source. The volume fraction of the microtubules was calculated from electron micrographs, X-ray diffraction and hydrodynamic data. Figure 3 shows the best-fit Wiener curve with Pisaster spindle imbibition data. From this execution, we obtained the rodlet refractive index (n1)= 1.512, rodlet volume fraction (f) =0.0206, coefficient of intrinsic BR =4.7 x 10-5, and coefficient of BR of spindle =5 x 10-4 (49) .
Since the isolated spindles are not, or only minimally, contaminated with other fine structures or protein aggregates, it was concluded that the spindle BR in fact reflects the exact amount of oriented microtubules.
II. Effect of heavy water (D20) on the mitotic spindles in vivo (50) was noted in dividing rat-kangaroo Pt-K2 cells in monolayer culture condition (50) . Knowing that the artificially induced tubulin paracrystals produced with vinblastine can represent almost all the available tubulin in a cell ( Fig. 3 ; 58, 61), we calculated tubulin concentration by summarizing total amount of paracrystals recorded on polarization micrographs. We estimate that at most 18% of tubulin is used for spindle assembly in a dividing Pt-K2 cell. The same value is also obtained for dividing tissue-cultured salamander lung epithelial cells. The order of magnitude of tubulin consumption for spindle assembly in these cells is comparable to that for developing zygotes such as the fertilized sea urchin eggs, in which about 5-8% of the cytoplasmic tubulin is presumably used to assemble the spindle in each mitosis. Now a question arises: Can D20 affect anaphase chromosome movement? D20 increases the number of spindle microtubules as well as their length. If D20 is acting in favor of tubulin association, then it may be unfavorable for tubulin dissociation. Thus, D20 may retard the anaphase chromosome movement in dividing cells. To ex- amine this possibility, we used developing sea urchin eggs of Mespilia globulus and Hemicentrotus pulcherrimus because of their synchronous mitotic events and rather exact time schedule for development (60) . As shown in Fig. 4 , we found that the mitotic processes of developing sea urchin eggs (M. globubus) in the first and the second division were greatly extended by immersing them in D20 sea water. However, the retardation of the mitotic process mainly occurred in prophase to metaphase, and no anaphase chromosome movement was disturbed by D20. In fact, neither acceleration nor retardation of the speed of anaphase chromosome movement was detected. We also confirmed that H. pulcherrimus responded in the same manner with D20 (60). These observations imply that D20 elevates polymerizable tubulin concentration but has little effect on tubulin dissociation in vivo.
III. Size of the polymerizable tubulin pool in sea urchin eggs From the thermodynamic analysis of the D20 effect on spindle assembly in vivo, we postulated that D20 could increase the concentration of polymerizable tubulin in the sea urchin eggs. However, we did not have evidence showing that D20 converts the unpolymerizable tubulin into a polymerizable form. Tubulin can form paracrystals in living eukaryotic cells when the cells are incubated with Vinca alkaloids such as vinblastine or vincrystine. The yield of tubulin paracrystals, "VBcrystals, " was greatly enhanced by simultaneous incubation with 10-4 M vinblastine and 10-4M Colcemid in unfertilized sea urchin eggs (Fig. 5 ), but the yield was always reduced when eggs were fertilized (61) . We thought that changes of intracellular compartmentalization of the cytoskeleton occurred during fertilization, causing a reduction in polymerizable tubulin molecules. If we can demonstrate that D20 releases the suppressed tubulin molecules in fertilized eggs and allows these eggs to form the same amount of tubulin paracrystals as the unfertilized eggs, this could be a direct proof of the isotope effect of D20.
For this purpose, we used mature eggs of Pseudocentrotus depressus and incubated them in artificial sea water containing 10-4M vinblastine sulfate and 10-4 M Colcemid at 20°C for 5 h with or without D20.
After the incubation, eggs were examined under a polarizing microscope to observe the birefringent tubulin paracrystals. The volume estimation of each crystal within an egg was obtained by cubing the geometric mean of each dimension. The total crystal volume per cell is the sum of the estimated volume of each crystal found within a cell. For the biochemical assay, crystals were isolated, purified and the tubulin concentration per egg was determined (61) . We found that the yield of VB-crystal in mature unfertilized eggs was fairly constant regardless of the presence or absence of D20. On fertilization, the yield of crystals decreased markedly as compared with that of unfertilized eggs. However, when an adequate concentration of D20 was present during incubation, the yield was restored to the level seen with unfertilized eggs.
These results are evidence that tubulin molecules in unfertilized sea urchin eggs are in the polymerizable state but become masked and partly unpolymerizable after fertilization, and that D20 releases from the masked state and converts unpolymerizable tubulin molecules into an active polymerizable state. Summarized data are shown in Fig. 6 (61).
IV. Effects of D20 on tubulin polymerization in vitro
Although effects of D20 on the polymerization of other biological polymers such as tobacco mosaic virus or flagellin were thoroughly investigated (19, 63) , only limited data are available on the D2O effect on the polymerization of tubulin in vitro. Olmsted and Borisy (1973) reported that the rate of polymerization was promoted by D2O at a concentration of less than 30% but that the final extent of polymer formation tended to decrease in 50% D2O. Because they did not attempt to regulate the pD of the buffered solution, some reservations remained about their results. Houston et al. (1974) followed up by examining the effects of D2O under periments could be due to the direct involvement of D2O in tubulin polymerization. Some discrepancies, however, still existed between the results of in vivo and in vitro experiments. For instance, the optimum concentration of D2O for microtubule assembly in living cells was 45% (13) , whereas tubulin polymerization in vitro was progressively enhanced with the increase in D2O concentration, and no limiting point was detected up to 80%. Furthermore, results obtained from in vivo examinations did not support the idea that D2O enhanced hydrophobic interactions of the tubulin molecules in living, dividing cells (47, 50, 60) . We could eliminate the possibility that the difference between these two systems was not due to the source of tubulin, because any remarkable difference in the D2O dependant enhancement of polymerization could not be detected between the brain and the sea urchin egg tubulin (15) . Rather, the difference might be ascribed to the regulatory factor(s) such as calmodulin, microtubule associating proteins, capping GTP or co-factors, which directly or indirectly participated in microtubule assembly in the living cell, were missing from the in vitro system.
V. The screening for new mitotic arresters from microbial metabolites i). Screening for mitotic arresters. A few years ago we began a systematic survey of new anti-neoplastic drugs which can react with cytoskeletal components and arrest living, dividing cells. The criteria we applied during the survey were: 1) the chemicals must react with spindle microtubules either directly or indirectly and stabilize microtubules in situ; 2) they must prevent microtubular dissociation without altering the microtubule configuration; 3) the effective concentration of drugs must be low and should be free from any side effects; 4) the effect of the drug treatment should be reversible when the drug is washed out in vivo; and 5) there must be a molecular basis for the interpretation of the action of a given drug.
Mitotic events in eukaryote are tightly linked to the cell cycle. Time requirement for the spindle assembly and disassembly, overall spindle shape and the birefringence in the process of mitosis are sure indications to judge whether or not all spindle components have been assembled in an order and performed their physiological roles following the built-in program. Changes in the volume, the shape and the birefringence of spindles can be considered to be the reflection of the inhibitory effects of the applied drugs. We found that spindles assembled in fertilized sea urchin eggs are excellent materials for this purpose. They possess a great advantage to examine the effects of drugs because of the ample supply of materials, easy handling, fast and synchronous development and the established stabilization technique. Moreover, spindles formed in fetilized eggs of Temnopleurus hardwicki, or Clypeaster japonicus can be visualized in vivo with a sensitive polarization microscope without stabilization. Thus, we used sea urchin eggs intensely as an unique in vivo probe to examine the chemical efficacy of mitotic arresters (22, 23, 27, 30, 51, 53) .
Fertilized Japanese sea urchin eggs of, Hemicentrotus pulcherrimus, Pseudocentrotus depressus, Anthocidaris crassispina, Clypeaster japonicus and Temnopleurus hardwicki were intensely used for the present survey, and the process of spindle for: mation, spindles arrested in metaphase or the stabilized mitotic apparatuses in drug-treated eggs were followed with a polarization microscope with rectified optics or a Nomarski differential interference microscope (Nikon, Tokyo).
The culture broth often contains various metabolites. The side effects, brought about by the coexisting metabolites in the broth, often confuse the evaluation of the spindles (43, 53) . Effective concentration is low. When sea urchin eggs are treated with 10-7 M of Maytansine immediately after fertilization, the spindle forms on time and anaphase is also initiated but metaphase is prolonged about 20 min in developing eggs of P. depressus. When the drug is applied at the "streak stage", miniature spindles are formed and more or less sustained in metaphase. If the drug is introduced in metaphase, the shape and birefringence of spindles appears to be normal and anaphase proceeds with the same timing as the control. Taxol has a strong acceleratory effect on in vivo tubulin polymerization and inhibits Ca2+ dependent tubulin depolymerization. In vivo, this drug is also known to stabilize the cytoskeletal microtubules and block cell division at concentrations of 10-5 to 10-6 M. When Taxol is applied to winter sea urchin eggs 35 min after fertilization (approximately in the "streak stage"), metaphase of dividing eggs is greatly extended. 80% of them were arrested in either full metaphase or early anaphase even 90 min after fertilization.
Taxol lowers the critical concentration of tubulin polymerization, enhances the initial rate of polymerization and raises the final level of tubulin polymers (25, 56, 64) . Comparable effects are also observed in the living, dividing sea urchin eggs. In the eggs of P. depressus, spindle shape remained rather constant but the spindle birefringence increased to 1.3 above control levels, suggesting that there are more oriented microtubules in the unit volume of spindle. Few cells managed to divide, and anaphase chromosome movement was almost never observed.
From these observations, we chose H. pulcherrimus as a test specimen, and selected following periods for the time to apply the drugs in the forms either the (Fig. 10) . iii). T-1, T-2 and T-3 as the mitotic arresters. In 1980, Kobayashi and his colleagues found that culture broth of a soil bacterium, Pseudomonas sp. 218, possessed a pronounced inhibitory effect on sea urchin embryo development (22) . Then, we confirmed that the barrel-shaped spindles were induced by the 400 times diluted solution of the original crude broth when the eggs of H. pulcherrimus were treated at streak stage. Spindle morphology was clearly different from the control or the spindles pretreated with known mitotic poisons such as the Colcemid or Vinca alkaloids. Repeated column chromatography of this culture broth yielded three active constituents, and we named them T-1,2,3. On the basis of the spectroscopic analysis as well as the synthetic work, T-1, T-2 and T-3 were identified to be 2-n-hex- y1-5-n-propyl-1,3-benzenediol [4] ; 2-n-butyl-5-n-propyl-1,3-benzenediol [5] ; 2-nhexy1-5-methyl-1,3-benzenediol [6] , respectively (24, 53) . iv). Structure-activity relationship of T-compounds and derivatives. 1,3-Benzendiol system (resorcinol) with alkyl side chains at C-2 and C-5 positions is the structural characteristic of these compounds. Chemical modification and derivatization of the T series compounds were made to discern what part of the structural entities is required to exert this unique biological activity. The structural difference between T-1 and T-3 is only one ethylene unit (-CH2-CH2-) at C-5. However, T-1 showed ten times more effect than T-3. This means that a comparatively small change in the side chain can produce fairly dramatic differences in activity in the T-1 analogues. Therefore, 2-n-hexyl-5-ethyl-1,3-benzenediol [7] , having a shorter chain at C-5 by one methylene unit than T-1, and 2-n-hexyl-5-n-butyl-1,3-benzenediol [8] , having a longer chain by one methylene unit, were synthesized. Among these two compounds, T-1 demonstrates as most effective. This indicates that the C3 unit (C3117) is the optimum length as the side chain at C-5. The length of the carbon chain at C-2 was also optimized by examining newly synthesized compounds [7, 8] , T-1, and T-2. All of them possessed the same substitution (n-propyl) at C-5. Thus, it is concluded that n-propyl (C5H11) group is the optimum length (Fig. 11) .
Among all T series and their derivatives tested, the compound 9,1,3-benzenediol with an n-pentyl at C-2 and an n-propyl at C-5, was the most effective and inhibited the first cleavage of fertilized sea urchin eggs at a concentration of 2.0 x 10-7 M. This compound was about five times more active than the Colcemid and almost as active as Maytansine. The lipophilicity of the T series is much higher than that of Colcemid or Maytansine. Therefore, the balance between hydrophobicity and hydrophilicity in the molecule was one of the important factors, especially among 2,5-dialky1-1,3-benzenediols. We concluded that the compound 9 must be the compound was originally isolated from the broth of Nocardia sp. as an antineoplastic drug and was known to possess the inhibitory effect on ciliogenesis in ciliated protozoa (62) . However, the molecular basis of this chemical efficacy is not yet known. We believe that this unique effect of Macbecin I might cause the drastic increase of tubulin molecules in egg cytoplasm altering masked, reserved form to the polymerizable form. The mitotic process was generally greatly extended in sea urchin eggs treated with this drug. Chemical structures of Macbecin I, T-1 monoacetate, TO-1, TO-2 and TO-3 are illustrated in Fig. 16 . To compare the chemical efficiency, Taxol was applied to developing sea urchin eggs following the same time schedule as used for testing T-1, Curvularin and macbecin I. The microtubule stabilization effect of Taxol was almost the same as that of the TO series and much milder than that of Macbecin I. The overstabilization effect induced by Macbecin I is outstanding among the known chemicals tested so far. Therefore, the "overgrown" and "overstabilized" spindle with strong birefringence could be used as an indicator to survey new anticancer drugs (53) .
Recently, we found that an ethylacetate extract obtained from the soil fungus broth induced huge spindles with well-grown asters in fertilized eggs of H. pulcherrimus (Fig. 15c) [30 or 31] . The chemical structure of this active constituent has not yet been determined. However, the compound has a good possibility to be classified as a new mitotic arrester, and the comparison of the molecular structure with Macbecin I would provide us with useful information on the mechanism of tubulin polymerization in living, dividing cells. The search for new mitotic arresters from microbial metabolites is continuing in our laboratory with the aim of finding reliable and effective molecular probes to solve the molecular bases of cell structure and funetinn_ ( Fig. 21) . Because birefringent spindle fibers were terminated at these dark beads, these dense regions could correspond to the microtubule organizing centers (MTOCs) which were formerly tightly associated with centrosomep but dispersed by the treatment with T-1. Birefringent fibers in poles which run perpendicular to the spindle axis were dispersed astral rays. These observations suggested that T-1 did affect centrosomes directly and altered the distribution pattern of MTOCs during spindle assembly. We believe the barrel-shaped spindles induced by T-1 is quite different compared with spindles organized after the mercaptoethanol treatment even though their similar appearance (16) . (b) Electron microscopy. Alteration of the spindle configuration by T-1 was further examined by the electron microscope (17) . The fixation technique developed by Hirano et al. (1984) in our laboratory gave us improved preservation of the spindle ultrastructure as well as the associated membranous components in dividing sea urchin eggs. As shown in Fig. 22a , electron dense material always appeared in the polar regions of the spindle. However, this material did not form a compact aggregate in T-1 treated spindles as it does in the poles of control metaphase spindles. The distribution of this material was rather dispersed and localized perpendiculer to the spindle axis. This material was composed of aggregated clusters of tiny granules. Many microtubules were terminated on them and appeared to fan out from them in various directions, indicating that they could be the MTOCs (Fig.  22b) . In a series of cross sections of the polar region of a barrel-shaped metaphase spindle, we confirmed that the MTOCs dispersed and formed a disc.
Attempts were also made to observe isolated barrel-shaped spindles. The majority of spindle microtubules were radially oriented in the polar regions of isolated spindles. Many short and fragmented microtubules were also seen in this region. A number of minute filamentous bridges which appeared to connect neighbouring microtubules were seen in the polar region. Many granules commonly observed in sections of whole eggs were probably lost during the isolation procedure of spindles. The filamentous bridges, which could be the residual skeletal components of the centrosome, remained throughout the isolation procedure. We thought this "b ridge-rich region" to be the modified centrosome of the isolated spindle. The centrosome appeared to be in a spread and rather flattened form and oriented perpendicular to the spindle axis. The centriolar pairs were always located in the middle of the centrosomal area. We feel that the segregation of the centrosome may not be caused by the T-1 dependant induction of the barrel-shaped spindle.
A three dimensional reconstruction of an isolated barrel-shaped spindle by superimposing serial sections clearly showed that the centrosome had a flat, spread appearance (Fig. 23) . Although the components of centrosome preserved in isolated spindle did not have the same appearance as in the sections of preserved whole eggs, we could obtain ultrastructural evidences for the dispersed state of the MTOCs in barrel-shaped spindles. Because the polar regions on electron micrographs appeared to be consistent and in good agreement with the results obtained from light microscopy, we believe that the alteration of the distribution pattern of the MTOCs could result from the dispersion of the pericentriolar materials, granules and associated substances by the chemical influence of T-1. v). T-1 as the molecular probe to examine centrosome. In the case of the spindle of a plant cell (54) , high concentrations of T-1 mainly affected the spindle birefringence. Any significant alteration did not occur in the polar region, even with higher concentrations of T-1. These effects are ascribed to the absence of the cen-trosome in plant cells, and T-1 could not modify the spindle configuration.
Only the secondary effect of the drug, the suppression of microtubule assembly, could be detected.
Indeed, the T-1 induced change in the plant spindle could be reversed by washing, suggesting that T-1 influenced only the spindle microtubule assembly. Based on these data, we conclude that T-1 affected specifically the MTOCs of the centrosome.
The poles of acentriolar spindles in mouse oocytes and eggs were spread out, and the spindles were typically barrel-shaped (53) . In contrast, the centrosomes of normal spindle in sea urchin eggs are more compact. We believe that one of the roles of centrioles may be to gather pericentriolar materials into a restricted area, thus forming and maintaining a compact shape of spindle in metaphase. Although centrioles were always located in the middle of the centrosome in barrel-shaped spindles, as they are in control spindles, the morphology of barrel-shaped spindle and with dispersed and flattened centrosomes resembled phenomenologically that of mouse oocytes or mouse eggs. In other words, the centrosome in T-1 treated cells might behave as if centrioles were absent in their center. For these reasons, we suggest that centrioles in barrel-shaped spindle could not perform the role of proper kinetic centers for spindle assembly, and could not gather the MTOCs during metaphase due to the influence of T-1. The centrosome is considered to be a kinetic organelle which governs the shape of the mitotic apparatus during cell division (37) . However, we still have little evidence to understand the molecular basis of the modification of the centrosomal structure. T-1 may irreversibly change the distribution pattern of the kinetic centers on which microtubules associate. Thus, we believe that T-1 will be uniquely useful for examining the molecular basis of the physiology of the centrosome and of what determines spindle structure and function. We suggest that T-1 could bind to some regulatory factor(s) that control the fine structure of the centrosome, and that the drug alters the overall morphology of the spindle. One of our next goals is to identify and characterize the biological effect of T-1 with both biochemical and physiological aspects.
